Despite the clinical prevalence of paradoxic interventricular septal (IVS) motion, its pathogenesis remains unclear. To assess the influence of the end-diastolic transseptal pressure gradient, we studied eight open-chest dogs during right ventricular (RV) volume loading (induced by opening a Dacron shunt between the pulmonary artery [PA] and right atrium), RV pressure loading (constriction of PA), and left bundle branch block (RV pacing). Ultrasonic crystals in the IVS and on the RV and left ventricular (LV) free walls (FW) allowed measurement of RV septal-to-free wall (S-FW) and LVS F, diameters. Another set measured the anteroposterior (AP) diameter of the LV (LVAP). Two-dimensional and M mode echocardiograms confirmed IVS shape and motion pattern, respectively. RV volume load caused a reduction in mean transseptal end-diastolic pressure gradient from 2.1 to -2.6 mm Hg (p < .001), with a concomitant increase in mean end-diastolic RVS FW diameter of 2.5 mm (p < .001) and a decrease in LVS-FW diameter of 2.8 mm (p < .001). LVAP was unchanged. Echocardiograms confirmed a leftward IVS shift during diastole with paradoxic systolic motion. PA constriction and RV pacing caused similar directional changes in transseptal end-diastolic pressure gradients and diameters. Compared with control values, shunt opening and PA constriction also caused a small leftward shift of IVS at end-systole. Normalized data from all eight dogs revealed significant (p < .001) correlations between reduction in LV-RV end-diastolic pressure gradients and increases in RVs _F (r = .85) and decreases in LVS FW (r = . 80) diameters. There was no significant correlation between alteration in LV-RV end-diastolic pressure gradient and LVAP diameter (r .24). We conclude that, in this model, the position and shape of the IVS at end-diastole are determined by the transseptal pressure gradient. Decreases in, or reversal of, this gradient causes leftward shift of the IVS at end-diastole and paradoxic systolic septal motion.
PARADOXIC or anteriorly directed systolic motion of the interventricular septum (IVS) was first reported in an echocardiographic study by Popp et al. in 1969.1 Although initially noted in patients with right ventricular (RV) volume overload,' abnormal IVS motion has since been reported in patients with a wide variety of clinical conditions, including RV pressure overload,6 pericardial disease,7 I and conduction abnormalities,9-10 and has been observed in patients after cardiac surgery. [11] [12] [13] [14] Numerous explanations have been offered for this phenomenon. In patients with RV volume overload, M mode echocardiographic studies drew at-tention to the large size of the RV compared with that of the left ventricle (LV) and postulated that the large RV stroke volume resulted in excessive systolic anterior movement of the entire heart.>' Subsequent studies with two-dimensional echocardiography have supported these conclusions and have also drawn attention to the abnormal diastolic shape of the septum,5 which is flattened toward the LV. Explanations for abnormal IVS motion in other conditions have been less satisfactory, ranging from an abnormal septal activation sequence in patients with left bundle branch block (LBBB)9' 11 to adhesions between the sternum and pericardium after cardiac surgery. '4 None of these theories provide insight into the fundamental physiologic alteration that could account for the phenomenon being so common in clinical medicine. Since previous data6 suggest that the IVS behaves essentially as a membrane between two fluid-filled chambers, we postulated that its systolic motion pattern (in the absence of ischemic dysfunction) would be a function of the end-diastolic position between the ventricles. Our study was undertaken to test this hypothesis in an animal preparation in which we could simulate several conditions known to result in clinically evident abnormal IVS motion. The results demonstrate that septal shape and position at the onset of systole are extremely sensitive to alterations in the enddiastolic transseptal pressure gradient and that the systolic motion pattern of the IVS is influenced by its enddiastolic position.
Methods
Eight mongrel dogs were anesthetized with 25 mg/kg iv sodium pentobarbital and were intubated and ventilated with a mixture of oxygen (30%), nitrous oxide (70%), and halothane (1% to 3%). Micromanometer-tipped catheters (Millar Instruments Inc., Houston) were introduced via a carotid artery and jugular vein into the LV and RV, respectively. Before each experiment the catheters were calibrated to be equisensitive and before each recording they were checked for zero shift and minor corrections were made when necessary. Catheters were inserted into a femoral artery to monitor arterial pressure and into a femoral vein for drug administration. No drugs were routinely given during the experiments, although 1 mg/kg lidocaine as a bolus followed by an infusion of 1 mg/min was occasionally used to help control ventricular arrhythmias during preparatory surgery.
A thoracotomy was then performed through the left fifth interspace of each dog and the heart was exposed and the pericardium widely opened. A large Dacron shunt, 11 to 14 mm in diameter, was inserted between the pulmonary artery (PA) and the right atrial (RA) appendage to cause instantaneous volume loading in the RV. Ultrasonic dimension crystals were used to measure ventricul-ar diameters; the positioning of these crystals is illustrated in figure 1. Anteroposterior (AP) diameter of the LV (LVAP) was measured with the epicardial crystals labeled ANT and POST. One double-faced crystal was inserted into the IVS and one on each of the LV and RV free walls (FWs) measured septum-to-left ventricular free wall (LVs-Fw) and septum-to-right ventricular free wall (RVs Fw) diameters, respectively. In five dogs we obtained two-dimensional and M mode echocardiograms with the transducer placed directly on the LV FW to support diameter recordings from the crystals and, more importantly, to determine the end-diastolic shape and systolic motion pattem of the IVS (figure 1). All recordings were made with the transducer positioned to record a short-axis view of the LV at the level of the papillary muscles. Three interventions were used; RV volume overload was produced by sudden opening of the Dacron shunt, RV pressure overload was induced by partial constriction of the PA, and LBBB was simulated by pacing through wires attached to the RV outflow tract. All records were obtained during interrupted ventilation at endexpiration. Recordings of pressures and ultrasonic crystal diameters were obtained simultaneously with a multichannel recorder (Electronics for Medicine/Honeywell, White Plains, NY) and stored on analog tape for later data analysis. Echocardiograms (with simultaneous pressure) were obtained with a Diasonics 3400 R echocardiograph (Salt Lake City) with the two-dimensional images stored on videotape and M mode recordings (taken from the two-dimensional sector) recorded on paper. The crystal and echocardiographic data had to be obtained during sequential interventions because of ultrasonic interference. However, care was taken to ensure that pressures and diameters had retumed to control values before the intervention was repeated for the purpose of obtaining complete data. To ensure that the intervention was of the same magnitude during the recording of both ultrasonic crystal and echocardiographic data, the PA to right atrial shunt was always completely opened, PA constriction was sufficient to effect the same level of systolic pressure in the RV, and pacing rates were identical.
All pressures and diameters were measured manually at enddiastole and at end-systole during control and at peak effect of each intervention; data are presented as mean -±-SD. Two-way analysis of variance was performed, with one data group consisting of the three control and three intervention values and the other consisting of data from all eight animals. When the F ratio indicated an effect of intervention, we used Student's t test for paired observations to determine the level of statistical significance of the difference between control and intervention values.
A p < .05 was considered significant. Multiple linear regression (least squares) was used to correlate transseptal pressure gradients with chamber diameters. Figure 2 illustrates pressure and diameter data from one animal during control and during each interventrion. During control, pressure in the LV always exceeded that in the RV. This is best illustrated by the pressure-difference trace, labeled AP. During the interventions, however, pressure in the RV exceeded that in the LV during at least a portion of the diastolic period. With pacing from the RV outflow tract there was only a brief transseptal pressure gradient reversal occurring during isovolumetric contraction. At the bottom of figure 2, the sonomicrometer data are displayed. During shunt opening, and even more so during PA constriction, there was an increase in RVsaex diameter with a reciprocal reduction in LVS FW diameter. During pacing from the RV outflow tract there was less change in septum-to-FW diameters, corresponding to the less marked changes in the transseptal pressure gradient. There was only minimal change in LVAP during any of the interventions. Figure 3 shows two-dimensional echocardiograms obtained at end-diastole from a typical experiment during control (A) and PA constriction (B). In the control situation the septum was convex to the RV. During the intervention, however, the septum actually became convex to the LV, with a concomitant marked increase in RVS FW and decrease in LVS FW dimensions. Figure 4 is an M mode echocardiogram recorded at slow paper speed during PA constriction. The transseptal pressure gradient is illustrated at the bottom of the figure. With onset of constriction there was a gradual decrease in diastolic transseptal pressure gradient with subsequent reversal of the normal gradient. As this occurred, there was a progressive increase in RV size, a decrease in LV size, and an increased amplitude of septal excursion. All changes reversed when PA constriction was released. When these changes were observed at a faster paper speed (figure 5), it was evident that the major increase in RV size occurred during diastole, whereas systolic dimension of the ventricles changed very little from control to intervention. During the intervention, systolic movement of the IVS 1306 was directed toward the RV; that is, motion was paradoxic. Such a motion pattern was observed in each animal in response to a major reduction in, or reversal of, the transseptal end-diastolic pressure gradient. Table 1 shows end-diastolic pressure and chamber diameter data from all eight dogs. Shunt opening resulted in a decrease in mean LV end-diastolic pressure (9.1 ± 4.3 to 5.4 ± 4.1 mm Hg; p < .001) and an increase in RV end-diastolic pressure (7.0 + 3.5 to 8.1 ± 4.1 mm Hg; p < .05). The transseptal enddiastolic pressure gradient changed from 2.1 ± 1.2 to -2.6 ± 2.3 mm Hg (p < .001). As assessed from the sonomicrometer crystals, this decrease was accompanied by an increase in diastolic RVS FW diameter from 34.6 + 5.9 to 37.1 + 5.3 mm (p < .001). Similarly, end-diastolic LVS FWdecreased from 4.8.6 ± 6.3 to 45.8 6.9 mm, (p < .001). Constriction of the PA caused even greater reduction (reversal) in the transseptal end-diastolic pressure gradient and correspondingly more marked increases in RVSFW and decreases in LVSFW diameters at enddiastole. During pacing there were no significant changes in LV or RV end-diastolic pressures; however, the transseptal end-diastolic pressure gradient was reduced from 4.0 2.2 to -1.7 ± 5.9 mm Hg, a change that was statistically significant ( pacing. The LVAP systolic diameter was not significantly altered by any intervention, a finding that is consistent with septal shift being the mechanism for the altered end-systolic diameters. The echocardiographic data revealed changes similar to those obtained by the crystal method, but, again, proportional changes were greater by the echocardiograhic technique.
Results
To evaluate how well transseptal end-diastolic pressure gradient correlated with simultaneously recorded end-diastolic chamber dimensions, we plotted pressure gradient against diameters as measured from the sonomicrometers. Figure 7 is such a plot from a representative experiment. Here, end-diastolic transseptal pressure gradient (ordinate) is plotted against end-diastolic diameter (both RVS FW and LVS FW) for 22 consecutive beats following the onset of PA constriction. There was an excellent correlation between transseptal diastolic pressure gradient and chamber diameters (r = .98, p < .001), with a progressive increase in RVS FWX and decrease in LVS as the gradient was reduced and then reversed.
To make comparisons between dogs we normalized the data as follows. End-diastolic diameter measurements (from ultrasonic crystals) obtained during the peak effect of each intervention and during each preceding control period were plotted against end-diastolic transseptal pressure gradients. Thus, for each animal a set of 6 points was obtained for each of the three chamber diameters. A least squares linear regression was fitted to each 6 point set to obtain that diameter at 1310 which the transseptal pressure gradient equaled zero; this value was then used to compare changes in different dogs. In figure 8 , pooled data from all eight dogs are illustrated and diameters are normalized in this manner. There was a significant correlation between transseptal end-diastolic pressure gradient and both RVSFW and LVS-FW diameters; for each millimeter of mercury decrease in transseptal diastolic pressure gradient there was an appropriate 1% increase in RVS FW and a 1% decrease in LVS FW diameter. As noted previously, there was no significant relationship between transseptal gradient and LVAP.
Discussion
The results of this study document the close relationship between transseptal pressure gradient and the position (and, therefore, the shape) of the IVS at enddiastole. In this model, the position of the IVS at enddiastole determined its systolic motion pattern; movement was paradoxic in those situations in which the IVS was displaced leftward by a reduction in, or reversal of, the transseptal pressure gradl ,nt. The data suggest that the normal shape of the IVS (. so that when the gradient is reversed the IVS can actually become concave to the RV. RV volume overload, as produced in these animals, resulted in an increase in RV and a decrease in LV diastolic pressure. The latter most likely reflected the "in-series" effect of reduced RV output on LV filling. The resultant reversal of transseptal pressure gradient was associated with an increase in RVS FW and decrease in LVS-F dimensions at end-diastole as the IVS moved to a more neutral position between the ventricles. From this leftward position at end-diastole the central portion of the IVS (in the short-axis view) was observed to move toward the RV (paradoxically) during systole in each of the five animals in which echocardiograms were obtained. This increase in RVS FW end-diastolic dimension in response to acute RV volume loading is in agreement with the findings of others. Kerber et al. 16 Vol. 68, No. 6, December 1983 produced a left-to-right atrial shunt in dogs and demonstrated an increase in RV size and paradoxic septal movement. Molaug et al.'7 used a model similar to ours with a PA-to-superior vena cava shunt and demonstrated an increase in RVS FW dimension. Both groups reasoned that the observed increase in RVs-Fw dimension resulted from a septal shift, although the mechanism of this phenomenon was not explored.
Although obvious differences exist between these models and clinical conditions, it seems likely that a septal shift secondary to an altered transseptal gradient is a mechanism contributing to RV enlargement in patients with RV volume overload. Certainly in patients with an atrial septal defect the RV and LV diastolic pressures are equal or nearly equal, a situation that we would expect to result in a leftward septal shift. Under other conditions of RV volume overload, actual reversal of the transseptal gradient may be present and has been noted to be associated with paradoxic IVS motion.18 PA constriction caused the greatest hemodynamic alteration and accordingly resulted in the greatest shifts in IVS position during diastole as well as the most dramatic paradoxic movement during systole. Other authors have also documented a septal shift during PA constriction. Visner et al. 19 produced RV hypertension in conscious dogs and studied the effect on LV size and function and found that PA constriction resulted in a decrease in LV volume that was entirely accounted for by a septal shift. In a similar study, Badke20 noted that acute RV pressure loading in conscious dogs resulted in a leftward shift of the septum only during diastole. With RV hypertension induced over the long term, however, the septum was also displaced leftward at end-systole, a finding that may explain the observation of Keiffer et al. ,21 who noted reversed septal curvature at postmortem examination in some patients with primary pulmonary hypertension. Indeed, patients with RV pressure overload frequently demonstrate increased RV size and paradoxic septal motion and, on two-dimensional echocardiographic studies, the septum is usually noted to bulge into the LV during diastole. Tanaka et al. 6 first drew attention to the importance of the transseptal pressure gradient in such patients and demonstrated that the leftward septal displacement corresponded to reversal of the diastolic transseptal gradient.
Although pacing in our animal preparation produced only minimal alterations in hemodynamics, the pattern of septal movement was predictable on the basis of the transseptal pressure gradient. Thus, pacing caused pressure development to begin earlier in the RV, which resulted in a brief reversal of transseptal pressure gradient. At this time the septum moved briskly toward the LV. It then remained relatively motionless or moved toward the RV (paradoxic) during early systole, with a subsequent second leftward movement. This motion pattern is similar to that occurring during spontaneous LBBB9 and has been noted previously during RV pacing. '°1 5 In a study published since the completion of our investigation, Little et al.22 paced the RV and recorded transseptal pressure gradient. Their findings were identical to ours and led them to conclude that the abrupt preejection posterior IVS motion seen with delayed LV activation is due to an altered transseptal pressure gradient.
From our data and those of others, it seems clear that the IVS of the dog does function as a membrane between two fluid-filled chambers and readily changes 1312 its position in response to even minor alterations in the transseptal pressure gradient. Of course, this does not prove that the same holds for man, nor can it be concluded that transseptal pressure gradient alteration is responsible for all or any of the abnormal septal movement patterns observed clinically. There are some data, however, that suggest that the same mechanisms are operative in man. First, transseptal pressure gradient reversal has been noted in some patients with pulmonary hypertension and abnormal septal movement,6 as well as in RV volume overload states.'8 Second, a study in which two-dimensional echocardiograms were used to assess the effect of a Mueller maneuver documented flattening of the septal curvature during RV loading. 23 In a more recent publication,24 the same authors have documented that the mechanism of the leftward septal shift was a reduction in the normal transseptal pressure gradient.
In our animals, the diastolic shape of the septum was markedly altered as the transseptal pressure gradient was reduced and reversed. At end-systole, however, the septum was always convex rightward, giving the LV a circular shape. Nonetheless, analysis of endsystolic diameters revealed that during the shunt opening and PA constriction there was a residual leftward septal shift during systole. This correlated with a reduction in systolic transseptal gradient that was particularly marked during PA constriction. With pacing, however, there was no significant alteration in the transseptal gradient or in the ventricular diameters at end-systole. The end-systolic septal shift in association with a large decrease in end-systolic pressure gradient suggests that the position and shape of the septum is responsive to the transseptal gradient throughout the cardiac cycle. This conclusion is in conflict with that of Guzman et al..,24 who noted that when the IVS flattened during diastole in response to the Mueller maneuver in man, the abnormal curvature persisted throughout systole. Although the diastolic shape change correlated with a reduced transseptal pressure gradient, these authors found no alteration in the systolic pressure gradient, which led them to conclude that once deformed during diastole, other forces during systole maintain the septal deformity despite a normal transseptal gradient. This subject obviously will require further study. Figure 9 summarizes our interpretation of the experimental data from this study. In the normal situation illustrated at the top of the figure, the LV pressure exceeds RV pressure throughout the cardiac cycle. This causes the IVS to have a similar curvature as the LV FW in both diastole and systole and, as viewed by NORMAL P <P LV RV LV RV the M mode echocardiogram, the IVS therefore moves toward the center of the LV (posteriorly) with each contraction. When RV pressure exceeds LV pressure at end-diastole (as shown in the middle panel of figure  9 ), the IVS is displaced leftward and may actually become convex to the LV. During systole there is a rapid increase in LV pressure with restoration of a positive LV -RV pressure gradient. This causes the IVS to move toward the RV in a paradoxic direction as it resumes its normal convex curvature to the LV. Our data suggest, however, that with large reductions in the transseptal systolic gradient as may occur with marked RV hypertension, the IVS may remain deformed (shifted leftward) at end-systole. Finally, our data demonstrate that with reductions in the normal transseptal diastolic gradient the septum moves progressively to a more neutral position between the ventricles. Thus, in situations in which RV and LV enddiastolic pressures are nearly equal, IVS motion may be flat, move hypokinetically in a normal direction, or be frankly paradoxic. Although this interpretation of septal motion is adequately supported by our data, we must consider the possibility that the open chest and open pericardium of this animal preparation could have significant influence on the measured parameters. It remains to be documented, therefore, that the abnormalities of septal motion occurring clinically are similarly related to an altered transseptal end-diastolic pressure gradient. Although the hypothesis appears tenable and is supported by data from patients with RV hypertension,6 sufficient information it not yet available from other patient Vol. 68, No. 6, December 1983 PARADOXIC FIGURE 9 . Schematic representation of experimental data. See text for description.
FLAT SEPTUM groups with abnormal septal motion. Clarification of the mechanism is important, however, particularly in the population of patients who have undergone surgery.
